Spinal cord injury (SCI) often causes serious and irreversible neurological deficit leading to disability or impairment of normal physical activity. Atomoxetine, a selective norepinephrine transporter (NET) inhibitor has gained much attention in the field of the neurodevelopmental disorder, but its effect on SCI has not been evaluated. The present study has been undertaken to investigate the neuroprotective effects of atomoxetine. Materials and Methods: Administration of atomoxetine 20 mg/kg IP was compared with methylprednisolone (MP) 30 mg/kg IP in traumatic spinal cord injured Wistar rats. Tissue samples were evaluated for apoptosis, inflammation, and oxidative stress, along with histopathological examination and neurological evaluation. Results: There was no significant difference in the caspase-3 activity between the control and the sham groups or between the MP and the atomoxetine groups (P=0.811). The administration of atomoxetine significantly reduced tissue tumour necrosis factor alpha (TNF-α), and nitric oxide (NO) levels compared to the trauma group (P<0.001). Treatment with atomoxetine also decreased the tissue myeloperoxidase (MPO) activity (P=0.026) and increased the tissue superoxide dismutase (SOD) activity compared to the trauma group (P=0.001 and P=0.004, respectively). Histopathological examination showed less degenerated neurons in the atomoxetine group compared to trauma group. Conclusion: This is the first experimental evidence showing meaningful neuroprotective effects of atomoxetine over SCI through anti-apoptotic, anti-inflammatory, and antioxidant effects by reducing lipid peroxidation, which was confirmed by biochemical, histopathological and the functional evaluation.
Introduction
Spinal cord injury (SCI) causes debilitating consequences on the quality of life, due to irreversible neuronal defalcation. The initial physical impact constitute the primary injury, which is usually followed by excitotoxicity, edema, inflammation, demyelination and glial scar (1, 2) . The exact pathophysiological mechanism causing the cascade of secondary effects is still not understood (3). In recent years, there have been a surge in number of studies exploring the role of oxidative stress, inflammatory pathways, lipid peroxidation and apoptosis in these cascades (4) (5) (6) .
Atomoxetine is characterised as a selective norepinephrine transporter (NET), which has recently grabbed attention of neurosciences community for use in various neurological disorders (7) . Atomoxetine has been approved by the US Food and Drugs Administration (FDA) for the treatment of attention deficit/hyperactivity disorder and associated symptoms of depression and anxiety (8) . The primary mechanism of action for atomoxetine is considered to be the inhibition of norepinephrine reuptake into the presynaptic terminal; therefore, atomoxetine shows high selectivity for the presynaptic NET, with a low affinity for other monoamine transporters (9) . Previous studies have shown that drugs that modulate norepinephrine have been successful at enhancing neurological function in SCI (7) . However, there has been no systematic study to evaluate the potential use of atomoxetine for the treatment of SCI. This study aims to investigate whether atomoxetine treatment protects the spinal cord from apoptosis, inflammation, and oxidative stress in rat model of SCI. The efficacy of atomoxetine was compared with methylprednisolone (MP), a drug widely used for the management of SCI. 
Materials and Methods

Experimental groups
The study protocol involving the use of animals was reviewed and approved by the ethics committee of the Hospital of Qingdao University, Qingdao, China in accordance with the policies of the Guide to the Care and Use of Experimental Animals as per the Chinese Council of Animal Care. Adequate precautions were taken to minimize the number of animal use and to reduce their suffering. Forty adult male Wistar Albino rats weighing 200 to 300 g were purchased from the Shanghai Research Centre of Model Organisms (SRCMO). The rats were randomly assigned to five groups with eight rats per group. The groups were as follows: Group 1: control (n=9); no surgical procedure was performed. Spinal cord samples without trauma were obtained from the control group to compare the normal spinal cord morphology and baseline biochemical values. Group2: sham (n=9); rats underwent standard laminectomy procedure. Nontraumatized spinal cord samples were removed after 24 hr. Group 3: trauma (n=9); rats underwent SCI as described below. After laminectomy, spinal cord samples were obtained 24 hr after injury. Rats received a single intraperitoneal (IP) dose (1 cc) of physiological saline (0.9% NaCl) as vehicle. Group 4: atomoxetine (n=9); similar to group 3, but rats received a single intraperitoneal dose of 20 mg/kg atomoxetine (AstraZeneca, Cheshire, United Kingdom) immediately following SCI. Group 5: methylprednisolone (MP) (n=9); similar to group3, but rats received a single IP dose of 30 mg/kg (Hubei Gedian Humanwell Pharmaceutical, Hubei, China) immediately following SCI. Atomoxetine was dissolved in isotonic saline solution to achieve desired doses. All drug injections were administered intraperitoneally based on previous studies (10) .
Anesthesia and spinal cord injury procedure
Adult male Wistar rats (200 to 300 g; Chinese Academy of Medical Sciences, Beijing, China) aged eight to ten weeks were used for injury. All rats were kept under environmentally controlled conditions at room temperature (25 °C ), with appropriate humidity and a 12-hr light cycle and granted free access to food and water. The animals were anesthetized with an IP injection of 10 mg/kg xylazine (Zhengzhou Sigma Chemical, He'nan, China) and 50 mg/kg ketamine (Ketalar, ParkeDavis, Turkey), and allowed to breathe spontaneously.
The rats were placed in a prone position. A T5 through T9 midline skin incision was made, and the paravertebral muscles were dissected. From T6 to T8, the spinous processes were removed, and laminectomy was performed. One minute extradural compression with a vascular clip (with 30 g force, Hangzhou Kangsheng Medical Equipments, Zhejiang, China) was performed around the exposed spinal cord, in order to cause an acute-compression injury [4, 11] . 4,11 At the end of the procedure, the clip was removed, and the surgical wound was closed in layers with silk sutures. Following closure of the wound, the drugs were administered intraperitoneally. The animals were euthanized after 3 week of surgery by injection of high dose (200 mg/kg) pentobarbital (Nembutal, Oak Pharmaceuticals, Lake Forest, IL, USA); then spinal cord samples (15 mm) were obtained from the operated area and divided into two equal parts. Cranial parts of the tissue samples were used for light microscopy evaluation and the caudal parts were cleared of blood with a scalpel and promptly stored at -80 °C for biochemical analysis.
Biochemical procedures
For the biochemical analysis, the tissues were homogenized in physiologic saline solution and centrifuged at 4000 g for 20 min. Thereafter, the upper clear supernatants forming the top layer was removed and used for the analysis.
Tissue caspase-3 analysis
Caspase-3 activity in the spinal tissue was evaluated using an ELISA kit (Uscn Life Science Inc., Wuhan, China). The ELISA procedures were performed according to the manufacturer's instructions. The microtiter plat contained caspase-3 antibody coating. Standards or samples were used in the designated microtiter wells with a biotinconjugated antibody specific to caspase-3. Then, avidin conjugated to horseradish peroxidase (HRP) was added to each microplate well and incubated. Thereafter, 3, 3', 5, 5'-tetramethylbenzidine (TMB) substrate solution was added, and only the wells that contained caspase-3, biotin-conjugated antibody and enzyme-conjugated avidin exhibited a change in colour. The enzyme-substrate reaction was terminated by the addition of sulphuric acid solution, and the colour change was measured spectrophotometrically at a wavelength of 450 nm (BioTekELx800 Absorbance Microplate Reader). The results were expressed as ng/mg-protein.
Tissue tumour necrosis factor-alpha (TNF-α) analysis
The TNF-α level in the spinal tissue was measured using the ELISA kit (Uscn Life Science Inc., Wuhan, China). The sandwitch ELISA kit contained TNF-α antibody precoated microtiter plates. Standards or samples were then added to the appropriate microtiter plate wells with a biotin-conjugated antibody specific to TNF-α. Next, avidin conjugated to HRP was added to each microplate well and incubated. After TMB substrate solution was added, only the wells that contained TNF-α, biotinconjugated antibody and enzyme-conjugated avidin exhibited a change in colour. The enzyme-substrate reaction was terminated by the addition of sulphuric acid solution, and the colour change was measured spectrophotometrically at a wavelength of 450 nm. The results were expressed as pg/mg.
Tissue myeloperoxidase (MPO) analysis
The MPO enzyme activity in the spinal tissue was measured using commercially available ELISA kit (R&D systems, Minneapolis, USA). The sandwitch ELISA procedure was performed according to the manufacturer's instructions. The microtiter plate provided with the kit was precoated with an antibody specific to MPO. Standards or samples were then added to the appropriate microtiter plate wells with abiotin-conjugated antibody specific to MPO. Next, avidin conjugated to HRP was added to each microplate well and incubated. After TMB substrate solution was added, only the wells that contained MPO, biotin-conjugated antibody and enzymeconjugated avidin exhibited a change in colour. The enzyme-substrate reaction was terminated by the addition of sulphuric acid solution, and the colour change was measured spectrophotometrically at a wavelength of 450 nm. The results were expressed as pg/mg.
Tissue malondialdehyde (MDA) analysis
The MDA levels in the spinal tissue were evaluated using thiobarbituric acid (TBA) method as described by Ohkawa et al (12) . Briefly, 100 ml of tissue homogenate was added to 50 ml of sodium dodecyl sulfate (SDS, 8.1%), and the resultant mixture was agitated and incubated for 10 min at room temperature. Then, 375 ml of acetic acid (pH 3.5, 20%) and 375 ml of TBA (0.6%) were added to this solution, and the samples were heated in boiling water for 60 min. After cooling at room temperature, 1.25 ml of butanol:pyridine (15:1) was added to each test tube and vortexed. The mixture was centrifuged at 4000 g for 5 min. The absorbance of the 750 ml of the organic layer in 1 ml of cells was read at 532 nm. MDA concentrations were expressed as nmol/mgprotein.
Tissue nitric oxide (NO) analysis
Tissue NO levels were evaluated using the method described by Miranda et al (13) . Briefly, isolated tissues were homogenized in 10 ml of ice-cold saline solution and then absolute ethanol was added to precipitate the proteins. The material was allowed to separate over a 15 min period (at 25 °C ), and then the supernatant was recovered. To 0.5 ml of supernatant, 0.5 ml vanadium (III) chloride (8 mgVCl3/ml) was added, rapidly followed by the addition of 0.5 ml freshly prepared Griess reagent (1% sulfanilamide, 2% phosphoric acid, and 0.1% N-1 naphthylethylenediamine dihydrochloride; 500 μl). The mixture was then vortexed and incubated at 37 °C for 30 min before its absorbance was measured at 540 nm using the double-beam spectrophotometer. The results were expressed as nmol/mg protein.
Tissue superoxide dismutase (SOD) analysis
Total (Cu-Zn and Mn) SOD (EC1.15.1.1) activity was determined according to the method described by Sun et al (14) . The principle of the method is based on the inhibition of nitro blue tetrazolium reduction by the xanthine-xanthine oxidase system as a superoxide generator. Activity was assessed in the ethanol phase of the supernatant after 1.0 ml ethanol/chloroform mixture (5/3, v/v) was added to the same volume of sample and centrifuged. One unit of SOD was defined as the enzyme amount causing 50% inhibition of nitro blue tetrazolium reduction. SOD activity was expressed as U/mg-protein.
Histopathological procedures
The spinal cord tissue obtained from animals from each group was fixed with 10% buffered paraformaldehyde for 24 hr and then embedded in paraffin. Using a microtome, 5 µm-thick serial sections were cut from the paraffin blocks and stained with Mayer's Hematoxylin and counter stained with Eosin Stain (H&E) for histopathological evaluation. The stained sections were observed under light microscope, by a pathologist who was blinded to the study. Histopathlogical changes such as edema, vascular congestion, neuronal degeneration and inflammation were scored between zero and three. Four different histopathologically assessed parameters were scored as follows; 0: absent; 1: mild; 2: moderate; and 3: common. The pathological score for each spinal cord was calculated based on the sum of the scores of the four different parameters (15) .
To assess the degree of neuronal injury in more detail, the number of normal motor neurons in the anterior horn of the spinal cord (anterior to a line drawn through the central canal perpendicular to the vertebral axis) was counted in three sections for each animal and then averaged.
Neurological evaluation
The BBB (Basso, Beattie, and Bresnahan) locomotor rating scale was performed to evaluate functional recovery of the hindlimbs (16) . Briefly, the rats were placed in an open field with a pasteboardcovered non-slip floor (n=6 in each group). In each testing session, each animal was observed for 4 min by two examiners who were blinded to the treatment. The assay was performed once per week and continued for 3 weeks after SCI. To evaluate the sensorimotor function, the grid-walking test assay was performed (17) . Briefly, the positioning of the hindlimb paw was evaluated when the animal walked on an elevated plastic-coated wire mesh (40-45 cm with 2 cm 2 grid spaces). For three minutes, the animals were allowed to freely move on the wire mesh platform. If the foot fell though the grid, then the incidence was considered misstep. The gridwalking test was also performed once per week.
Statistical analysis
Data analysis was performed using SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL, USA). Shapiro Wilk test was performed to determine the normal distribution of the continuous variables. Kruskal Wallis test was performed to evaluate the difference in the median values. Spearman's Rank Correlation analysis was performed to calculate the degree of association between the continuous variables. A P value less than 0.05 was considered statistically significant.
Results
Tissue caspase-3 activity
There were significant differences among the tissue caspase-3 activity in the trauma group, the control and the sham groups (P<0.001). Thus, the data shows that SCI clearly caused an elevation of caspase-3 activity in the damaged tissue. When the atomoxetine group was compared with the trauma group, there was a statistically significant decrease in caspase-3 activity (P=0.001). As in the atomoxetine group, the MP group also showed a statistically significant decrease in caspase-3 activity (P=0.019). There was no significant difference in the caspase-3 activity between the control and the sham groups (P=0.929) or between the MP and the atomoxetine groups (P=0.811).
Tissue TNF-α levels There was a significant reduction in the tissue TNF-α levels in the animals administered atomoxetine (P<0.001). Additionally, the administration of MP also showed significant reduction in the tissue TNF-α levels as compared with the trauma group (P<0.001). The difference in the TNF-α were not significant between the control group and the sham group (P=0.058) or between the MP and the atomoxetine groups (P=0.612).
Tissue MPO activity
There was a significant difference between the tissue MPO activities between the control (spinal cord trauma) group and the sham control group (P<0.001); the results affirm that MPO activity is increased following SCI. Treatment with atomoxetine significantly decreased the tissue MPO activity (P=0.026). MP treatment also showed significant decrease in the MPO activity in spinal cord (P=0.04). There was no significant difference in the MPO activities between the control and the sham groups (P=0.905) or between the MP and the atomoxetine groups (P=0.858).
Tissue MDA levels
When mean tissue MDA levels of the control and the sham groups were compared with the trauma group, statistically significant differences were observed (P<0.001 for both). So these data showed that after SCI, tissue MDA levels were increased. When we compared the trauma and the atomoxetine groups, a statistically significant difference was observed (P<0.001). As in the atomoxetine group, the comparison between the trauma and the MP groups revealed a statistically significant difference (P=0.004). There was no significant difference in the MDA levels between the control and the sham groups (P=0.698) or between the MP and the atomoxetine groups (P=0.357).
Tissue NO levels
Tissue NO levels were found to be significantly increased in the trauma group when compared with both the control and the sham groups (P<0.001 for both). In the atomoxetine group, tissue NO levels were significantly decreased compared to the trauma group (P<0.001). Similar to the atomoxetine group, in the MP group, the NO levels were significantly decreased compared with the trauma group (P=0.002). There was no significant difference in the NO levels between the control and the sham groups (P=0.12) or between the MP and the atomoxetine groups (P=0.512).
Tissue superoxide dismutase (SOD) activity
Following SCI, tissue SOD activity decreased significantly when both the control and the sham groups were compared with the trauma group (P<0.001 for both). Both treatment with atomoxetine and MP, significantly increased the tissue SOD activity compared to the trauma group (P=0.001 and P=0.004, respectively). There was no significant difference in the tissue SOD activity between the control and the sham groups (P=0.335) or between the MP and the atomoxetine groups (P=0.623). The biochemical results of the study are shown in Figure 2 . 
Histopathological procedures
Light microscopy examinations of the spinal cord samples from the control and the sham groups were normal (Figure 3, A and B) . In the trauma group, diffuse haemorrhage and congestion in the gray matter were observed at 24 hr after SCI. There was marked necatomoxetineis and edema. Additionally, in the damaged portions, polymorphonuclear leukocyte, lymphocyte and plasma cell infiltration were observed. Neural pyknosis, a loss of cytoplasmic features, and cytoplasmic eosinophilia were observed in the trauma group (Figure 3, C) . In the atomoxetine group, as well as in the MP group, the spinal cord samples were well protected from SCI ( Figure 3, D and E) .
The trauma group showed statistically higher pathological score as compared to the control and the sham groups (P<0.001 for both). The atomoxetine group showed significantly lower pathological score than the pathological score of the trauma group (P<0.001). The MP group also showed lower pathologic score as compared to the trauma group (P=0.042). There was no significant difference between the control (spinal cord injury) and the sham groups (P=0.08) or between the MP and the atomoxetine groups regarding pathological score (P=0.067).
In the trauma group, the number of normal motor neurons in the anterior spinal cord was significantly decreased compared with both the control and the sham groups (P<0.001 for both). In the atomoxetine group, higher number of normal motor neurons was observed in the anterior region of the spinal cord as compared with the trauma group (P=0.003). Similar to the atomoxetine group, the MP group also showed significantly higher numbers of normal motor neurons (P=0.01). The comparison between the atomoxetine and the MP groups did not show any significant differences (P=0.688). The histopathological results are shown in Table 1 .
Neurologic evaluation
The initial BBB locomotive scale score was 21 for all groups. Following induction of injury to spinal cord, the mean BBB locomotor rating scale score was decreased significantly in the trauma group compared with the control and the sham groups (P<0.001 for both). Both the atomoxetine and the MP groups showed better BBB scores compared to the control (trauma only) group (P=0.002 and P=0.003, respectively). There was no significant difference in BBB locomotive scale score between the control and the sham groups (P=0.8) or between the MP and the atomoxetine groups (P=0.141). Following SCI, the mean angle recorded in the inclined-plane test was significantly lower in the trauma group than in the control and the sham groups (P<0.001 for both). Both atomoxetine and MP treatments revealed better angles in the inclined-plane test compared to the trauma group (P=0.002 and P=0.001, respectively). There was no significant difference in the inclinedplane test between the control and the sham groups (P=0.058) or between the MP and the atomoxetine groups (P=0.493). The results of the neurological examinations relevant to the study groups are shown in Figure 4 . 
Discussion
Trauma to spinal cord is the primary cause of neuronal tissue damage that is further worsened by secondary damage due to apoptosis, (18) generation of reactive oxygen species, (7, 9) inflammation, (5) and lipid peroxidation (19， 20) . Previous experimental studies have shown valuable effects of statins in improving SCI (5) . Taking clue from the beneficial effect of statins on SCI, we investigated the effects of atomoxetine on SCI, which had not been studied previously.
Furthermore, there are two rationales to study atomoxetine in SCI. First, atomoxetine has a very rapid bioavailability because its activation does not require hepatic metabolism (21) . This brisk bioavailability may show a quick response to SCI. Secondly, atomoxetine was thought to have superior neuroprotective effects compared to other statins (22) . The dosage of atomoxetine used in this study was based on pharmacological data from other studies where an oral dose of 20 mg/kg was used in rat model of prepulse inhibition (PPI) of acoustic startle (23) . Additionally, other previous neuroprotection studies relevant to atomoxetine suggested the dose used in the present study (24) .
The most popular treatment for SCI involves the administration of high-doses of MP, which makes it the widely used neuroprotective drug, although the efficiency and safety of MP has been vehemently questioned, resulting in discontinuation of its use in some settings (25) . As MP is widely used in the experimental models of SCI, we compared the results of atomoxetine with MP (26) . Neuronal death following SCI may be due to necatomoxetineis (27, 28) . Or apoptosis (29) . Apoptosis causes death of neurons and oligodendrocytes in the spine; moreover, it agitates and damages the axon-myelin unit and diminishes impulse conduction resulting in neuronal loss (30) . Caspase-3 is an interleukin converting enzyme and has been shown as the main effector of apoptosis in mammalian cells (31) . Therefore, caspase-3 is a validated marker for indicating apoptotic activity (32) . Our study shows an increase in the caspase-3, an indicator of trauma, activity after SCI. Both atomoxetine and MP treatments prevented apoptosis in the spinal cord by inhibition of caspase-3 activity.
Inflammatory reactions play key role in the development of traumatic secondary injury after SCI (5) . Within a few hours after experimental SCI, proinflammatory cytokines, such as TNF-α, are upregulated (33) . Upregulated TNF-α levels were shown to mediate inflammation, which results in secondary tissue damage and apoptosis after SCI (34) . Furthermore, TNF-α was suggested to be central to neurodegeneration due to its early production after SCI (33) . Our data confirms that there is a significant increase in the TNF-α levels in injured spinal cord tissue. Both atomoxetine and MP treatments showed anti-inflammatory effects by inhibiting TNF-α levels. After injury to the spinal cord tissue, the neutrophils and other phagocytes reach the injured spinal cord tissue thereby produce hypochlorite, a strong oxidant synthesized by the enzyme MPO (35) . Myeloperoxidase activity is strongly corresponds with the number of neutrophils and their inflammatory activity in the injured area (36) . In the present study, the mean MPO activity was found to be increased in the traumatic spinal cord tissue. Both atomoxetine and MP administration caused a significant decrease in MPO activity, showing their anti-inflammatory effect. SCI produces free radicals due to oxidative stress resulting in initiation of lipid peroxidation activity in the damaged neural tissue (37) . Our study shows significant increase in the levels of MDA, a stable products of lipid peroxidation, in the spinal cord tissue following traumatic SCI. Both atomoxetine and MP administration decreased the levels of MDA through inhibition of lipid peroxidation. Similarly, Somkuwar et al (38) reported that atomoxetine decreased the MDA levels in rats with spinal cord ischemia-reperfusion injury, suggesting that MDA can be used as a marker.
Oxidative stress is followed by antioxidant depletion and excess production of oxygen free radicals and NO at the site of injury. 7 Oxygen free radicals can cause cytotoxicity by damaging lipids, proteins and nucleic acids (39) . Furthermore, oxidative stress has a major implication in the progress of spinal cord lesions after the primary injury (40) . Owing to high lipid content, the neuronal tissues such as spinal cord are prone to oxidative injury.
Histopathological examination of the spinal cord samples revealed that trauma to the spinal cord caused diffuse haemorrhage, marked edema, and necatomoxetineis. However, in the injured portions of the spinal cord, there were infiltrating polymorphonuclear leukocytes, lymphocytes and plasma cells, which suggest an inflammatory response. Additionally, there was a decrease in the number of normal motor neuron in the anterior region of spinal cord. Both the atomoxetine and the MP groups showed better morphological results and a high number of normal motor neurons as compared with the trauma group. Furthermore, atomoxetine produced better histomorphological results than MP. It is known that the evaluation of the neuroprotection using histological evaluation does not always provide adequate conclusions. All small-, medium-and large-sized myelinated axons were significantly disturbed after traumatic SCI. Atomoxetine protected the spinal cord from traumatic injury by preserving the myelination of the axon. However, the same protective effect was also observed with MP.
Despite the lack of a significant difference between atomoxetine and MP for each of the biochemical parameters, atomoxetine produced better histopathological effect than MP. We hypothesized that this conflict occurred because there were only a few biochemical parameters studied in this study, so atomoxetine had further neuroprotective activity through other biochemical pathways than those were investigated in this study. The functional efficiency of the treatment was evaluated by locomotor performance with BBB scores (16) . All rats had a BBB score of 21/21 before the trauma, and the traumatic SCI caused a significant decrease in BBB scores within 24 hr. Atomoxetine and MP treatments both revealed better BBB scores compared to the trauma group. There was also a decrease in the angle of the inclinedplane test following the traumatic SCI.
As expected, both atomoxetine and MP increased the mean angle in the inclined-plane test. As a result of these functional tests, both atomoxetine and MP treatments following SCI protected the spinal cord and improved neurological functions. All the results of this study suggest that atomoxetine have beneficial effects on preserving the normal spinal cord morphology, and cellular function by inhibiting apoptosis, and ameliorates inflammation and oxidative stress. However, the limitations of this study can be addressed by increasing the number of rats in each group to produce stronger conclusions. The dose dependent results may also be investigated.
Conclusion
The study shows meaningful neuroprotective effects in SCI. The anti-apoptotic, anti-oxidant and antiinflammatory effects of atomoxetine are confirmed by biochemical, histopathological and the functional evaluation. This is the first experimental evidence suggesting therapeutic effect of atomoxetine in traumatic SCI. In light of these evidences, atomoxetine may be potential treatment for patients with SCI, but this needs to be further evaluated in human studies.
